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Abstract 

The composition of natural gas (NG) can have an important impact on the emissions and 

performance of natural gas vehicles (NGVs). With the expansion of NG production via horizontal 

drilling and hydraulic fracturing as well as the potential of liquefied natural gas (LNG) from the 

Costa Azul LNG terminal in Baja California, Mexico, there is the potential for a wider range of 

NG compositions being used throughout California. The objective of the present study was to 

evaluate the impact of NG composition on the performance and emissions of heavy-duty vehicles. 

Three NG buses were tested over the Central Business District cycle and a NG waste hauler was 

tested over the Refuse Truck Cycle on a heavy-duty chassis dynamometer on a range of five to 

seven different test gases. The vehicles included two older technology buses and one older 

technology waste hauler with lean burn spark ignition engines and oxidation catalysts. The model 

years for these vehicles ranged from 2002 to 2004. Also tested was a bus with a 2009 

stoichiometric combustion spark ignition engine, a three-way catalyst (TWC), and cooled exhaust 

gas recirculation. The older technology buses and the waste hauler showed general trends of higher 

emissions of nitrogen oxides (NOx) and non-methane hydrocarbons (NMHC), and lower emissions 

of total hydrocarbons (THC), methane (CH4), and formaldehyde, and improved fuel economy for 

the gases with lower methane contents. The other pollutants generally did not show strong trends 

over the older buses and the waste hauler, although lower particulate matter (PM) and carbon 

monoxide (CO) emissions were found for the waste hauler for the gases with lower methane 

contents. The waste hauler showed the strongest trends of any of the older vehicles tested. A bus 

with a newer 2009 stoichiometric combustion engine had lower emissions for most of the 

pollutants and generally did not show strong fuel effects. The bus with the 2009 stoichiometric 

combustion engine did, however, show higher CO and ammonia (NH3) emissions compared to the 

other buses. This could be attributed to the richer operation for the stoichiometric combustion 

engine compared to the lean burn engines, as well as the TWC for the NH3 emissions.   
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Executive Summary 

Natural gas vehicles (NGVs) have been implemented in a variety of applications as part of efforts 

to improve urban air quality, particularly within California. In California, the use of natural gas 

has been increasing for a number of years, due predominantly to expanded power and home heating 

needs. The availability of natural gas (NG) within the State from a wider range of sources is also 

expanding, with the rapid development of NG production via horizontal drilling and hydraulic 

fracturing as well as the potential of liquefied natural gas (LNG) from the Costa Azul LNG 

terminal in Baja California, Mexico. The expansion of these new sources coupled with changes in 

the extent of NG processing to meet markets for natural gas liquids (NGLs) could contribute to a 

wider more varied composition of NG being used throughout the State that could impact the 

emissions and performance of NGVs.     

 The California Air Resources Board (CARB) is currently revisiting the compressed natural gas 

(CNG) fuel standards for motor vehicles. Previous studies of interchangeability, or the impacts of 

changing NG composition, have been conducted on small stationary source engines, such as 

compressors, heavy-duty engines, and light-duty NGVs. Some of the previous studies have shown 

that NG composition can have an impact on emissions, including studies that have shown increases 

in oxides of nitrogen (NOx) emissions with increasing Wobbe number. Wobbe Number is defined 

as the higher heating value (HHV) of a gas divided by the square root of the specific gravity of the 

gas with respect to air. The higher the WN of the gas, the greater the heating value per volume of 

gas that will flow through a hole of a given size in a given amount of time. 

The objective of the present study is to evaluate the impact of NG composition on the performance 

and emissions of heavy-duty vehicles. For this study, three NG buses were tested over the Central 

Business District (CBD) cycle and a NG waste hauler was tested over the Refuse Truck Cycle on 

a heavy-duty chassis dynamometer on a range of five to seven different test gases. The test vehicles 

included a bus with a 2009 8.9L stoichiometric combustion spark ignited Cummins Westport ISL-

G engine with cooled exhaust gas recirculation (EGR) and a three-way catalyst (TWC), a bus with 

a 2004 8.1L 6081H John Deere lean burn spark ignition engine with an oxidation catalyst (OC), 

and a bus with a 2003 C-Gas Plus lean burn spark ignition engine with an OC, and a waste hauler 

with a 2002 Cummins Westport 8.3L C-Gas Plus lean burn engine with an OC. The certification 

values for these engines are provided in Appendix A.  

The test gases included three gases representative of historical baseline fuels for Southern 

California (labeled H1, H2, and H7) and four gases representing low methane gases (labeled LM3, 

LM4, LM5, and LM6). The historical test gases were representative of Texas Pipeline Gas (H1) 

and Rocky Mountain Pipeline Gas (H2), which is also representative of that found in the 

Kern/Mohave Pipeline between 2000 and 2010. The third historical gas was an L-CNG fuel, which 

is a natural gas blend produced from liquefied natural gas, identified as H7. This is also a base gas. 

Since NG-fueled waste haulers come equipped for dedicated fueling on either LNG or CNG, an 

L-CNG fuel was included to capture the LNG fueled base line. Note that LNG refers to North 

American supplies that have been processed to take out most components heavier than methane. 

The four low methane gases included a Peruvian LNG with nitrogen added to achieve a Wobbe 

Number of 1385 (LM3), a Middle East LNG (WN above 1400 labeled LM4) and two gases with 

high WN and low MN, one with a high ethane content and the other with a high propane content, 

identified as LM5 and LM6. The WN and MN are the same for both LM5 and LM6. The gases 
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were designed to determine whether there are differences due to composition. The main properties 

of the test fuels are provided in Table ES-1.  

The results of this study are summarized below and in Table ES-2. Comparisons between test gases 

were made for regulated exhaust emissions, fuel economy, PM mass, particle number (PN) and 

particle size distributions, ammonia emissions, carbonyl compounds emissions, and power maps. 

Table ES-2 provides the percentage differences between the different fuels compared to the 

baseline H1 gas. More detailed emissions results and corresponding p-values for the statistical 

analyses are provided in Appendix B. In the discussions below, results are generally statistically 

significant, except as noted.  

Table ES-1. Test Fuel Specifications 
Gas # Description methane ethane propane I -butane N2 CO2 MN Wobbe # HHV  H/C ratio  

H1 Baseline,  

Texas Pipeline 

96 1.8 0.4 0.15 0.7 0.95 99 1338 1021 3.94 

H2 Baseline,  

Rocky Mountain Pipeline 

94.5 3.5 0.6 0.3 0.35 0.75 95 1361 1046 3.89 

LM 3 Peruvian LNG 88.3 10.5 0 0 1.2 0 84 1385 1083 3.81 

LM 4 Middle East  

LNG-Untreated 

89.3 6.8 2.6 1.3 0 0 80 1428 1136 3.73 

LM 5 High Ethane  83.65 10.75 2.7 0.2 2.7 0 75.3 1385 1115 3.71 

LM 6 High Propane 87.2 4.5 4.4 1.2 2.7 0 75.1 1385 1116 3.70 

H7 L-CNG fuel 98.4 1.2 0.2 0.1 0 0 103.1 1370 1029 3.96 

MN = Methane Number determined via CARB calculations; Wobbe # = HHV/square root of the specific 

gravity of the blend with respect to air; HHV = Higher Heating Value (BTU/ft3); H/C = ratio of hydrogen 

to carbon atoms in the hydrocarbon portion of the blend  

*Properties evaluated at 60 °F (15.6 °C) and 14.73 psi (101.6 kPa) 

2002 Cummins Westport 8.3L C-Gas Plus Waste Hauler  

Waste hauler truck emissions were evaluated over a refuse truck cycle that included, transport, 

compaction, and curbside segments. Overall, the waste hauler showed the strongest fuel effects for 

most of the pollutants compared to the buses. Almost all the pollutants showed some fuel effects 

for at least one of the cycle segments. The low methane gases showed higher NOx emissions for 

all three segments of the cycle. Low methane gases showed lower THC, CH4, formaldehyde and 

acetaldehyde emissions. For the compaction and curbside phases, higher NMHC emissions were 

seen for the low methane gases, but for the transport phase the opposite trend was observed. 

Cumulative PM emissions and CO emissions for the compaction cycle showed a trend of lower 

emissions for the low methane gases. Fuel economy/consumption on a volumetric basis showed 

increases for the low methane gases with higher energy contents for the transport and curbside 

phases of the cycle and decreases for the compaction cycle. On an energy equivalent basis, fuel 

economy/consumption showed no fuel differences for the curbside and mixed results for the 

compaction cycles, but higher energy equivalent fuel economy was seen for the low methane gases 

with higher energy contents for the transport phase. Particle number showed similar fuel trends 

over the three cycle segments, but the gases showing lower particle numbers included some with 

higher levels of methane (i.e., H2) and some with lower levels of methane (i.e., LM3 and LM4). 

CO2 emissions did not show strong trends for the curbside phase, but the transport phase showed 

lower CO2 emissions for the low methane gases with lower H/C ratios, compared to H1 and H2 

gases, but not compared to H7. For the compaction segment, CO2 emissions for LM5 were higher 
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at a statistically significant level than those for H1, H2, and H7 on a whp-hr basis for the 

compaction segment. On a bhp-hr basis for the compaction segment, CO2 emissions for all of the 

low methane fuel gas blends exhibited statistically significant increases in CO2 emissions of 

between 5.2 to 19.4% compared to H1, H2, and H7. This can be attributed to the bhp energy 

readings being lower for the higher energy gases, because the ECM bhp reading does not take into 

account the differences between fuels. NH3 emissions showed some fuel differences, but no 

consistent fuel trends over the three segments of the cycle. The particle size distributions showed 

a peak in the 10 nm range. 

2004 John Deere 8.1L 6081H transit bus   

The John Deere bus was tested on two separate occasions due to a mechanical failure during the 

initial testing. The post-repair John Deere bus tests showed a number of fuel effects. These tests 

were conducted for only three of the main test gases. Fuels with higher methane contents showed 

higher THC, CH4, and formaldehyde emissions, but lower NMHC emissions. The low methane 

gases showed higher NOx emissions, although these increases were not statistically significant for 

all fuel combinations. Low methane gases with higher energy contents showed higher fuel 

economy on a volumetric basis. One of the low methane gases also showed higher fuel economy 

on an energy equivalent basis. PM mass, acetaldehyde, CO, CO2, and NH3 emissions did not show 

any significant fuel trends. PM mass, CO and NH3 emissions were very low for the post-repair bus. 

The particle size distributions showed a broad peak stretching from sub 10 nm into the 70 nm 

range.  

Some fuel effects were also seen for the initial testing of the John Deere bus. These tests were 

conducted for only four of the main test gases. Trends for THC, CH4, formaldehyde, and NOx were 

consistent with the post-repair results. Higher methane content gases resulted in higher THC, CH4, 

and formaldehyde emissions and particle number counts, but lower NMHC emissions. NOx 

emissions showed increases for the highest WN gas compared to the baseline gas. The low methane 

gases with higher energy contents showed higher fuel economy on a volumetric basis, but slight 

trends of decreasing fuel economy on an energy equivalent basis. CO2 showed some statistically 

significant differences between fuels, but no real trends. CO and NH3 emissions did not show any 

specific trends. PM mass emissions were very low and did not show consistent trends with fuel 

properties, although some differences between different fuel combinations were seen. 

Acetaldehyde emissions showed a statistically significant reduction for LM3 and LM4 compared 

to H1, and a marginally statistically significant reduction of H2 compared to H1. The particle size 

distributions also showed a peak in the sub 10 nm range, but this peak was sharper compared to 

the post-repair testing. 

2003 Cummins Westport 8.3L C-Gas Plus engine transit bus  

For the 2003 Cummins Westport 8.3L C-Gas Plus bus, NOx and NMHC emissions and volumetric 

fuel economy were higher, and THC, CH4, and formaldehyde emissions were lower for the low 

methane gases. CO emissions showed some statistically significant increases with some of the low 

methane gases. Energy equivalent fuel economy, CO2, PM, and NH3, and acetaldehyde emissions 

did not show any strong fuel effects, and particle number showed inconsistent fuel trends. The 

particle size distributions showed a peak around 10 nm. 
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2009 Cummins Westport ISL-G 8.9 L transit bus  

The bus with a 2009 Cummins Westport ISL-G stoichiometric combustion engine with cooled 

EGR and a TWC was the newest technology tested during this program. In general, for this bus, 

most of the pollutants did not show any specific fuel effects. THC, NMHC, CH4, NOx, and 

formaldehyde emissions for the Westport ISL-G bus were considerably lower than for the other 

buses. The Cummins Westport ISL-G bus did, however, show higher CO and NH3 emissions 

compared to the other buses. This could be attributed to the richer operation for the stoichiometric 

combustion engine compared to the lean burn engines, as well as the TWC for the NH3 emissions. 

Some fuel effects were seen for fuel economy, but not for the other pollutants. The low methane 

gases with higher energy contents showed higher fuel economy on a volumetric basis but not on 

an energy equivalent basis. Some differences between fuels were seen for THC and CH4 emissions, 

but these differences were on the order of the background levels. The size distributions of the 

particles emitted from this bus were mainly in the sub 10 nm nucleation particle range.  

General  

Although trends were found between gases with higher vs. lower methane contents, other trends 

between gases were not as strong. For example, although H7 has a WN that is much higher than 

H1 and H2, these gases show similar emissions. Similarly LM4, which has a high WN but an 

intermediate MN, has emissions similar to LM5 and LM6. Additionally, gases LM5 and LM6, 

which have varying contents of ethane and propane and butane have similar emissions. 
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Table ES-2: Percentage Differences of the Emissions From All the Fuel Combinations Compared to H1 for All the Buses and 

the Waste Hauler 

 

  Waste Hauler  

2004 John Deere 

2003 

Cummins 

Westport 

C-Gas Plus 

2009 

Cummins 

Westport 

ISL-G 

 Fuel Transport  Curbside 
Compaction 

bhp-hr 

Compaction 

whp-hr  
Initial  

Post-

repair  
  

Bold : Statistically significant (p-value Ò 0.05) Underline: Marginally statistically significant ( 0.05<p-valueÒ0.1)  

Fuel 

Economy/Consumption 

(Volumetric basis) 

H2 3.2% 1.5% 2.9% -3.1% -1.0%  4.1% 2.5% 

LM3 13.2% 7.7% 3.9% -7.0% 4.8%  7.4% 9.7% 

LM4 19.1%  7.9% 1.6% -12.1% 8.0%   15.1% 

LM5 15.3% 17.1% 1.0% -7.6%  15.1% 11.6% 14.9% 

LM6 17.7% 6.4% 2.4% -9.8%  8.7% 10.8% 13.1% 

H7 2.4% -3.4% -1.7% 0.1%     

CO2 

H2 -0.4% 1.3% 6.1% 0.0% 4.0%  -1.3% 0.3% 

LM3 -5.0% -0.5% 11.6% -0.1% 2.2%  -0.1% -2.7% 

LM4 -4.0% 5.3% 15.9% 0.2% 5.2%   -1.7% 

LM5 -2.3% 1.7% 16.8% 2.8%  -2.7% 0.8% -3.0% 

LM6 -4.3% 5.2% 15.0% 1.3%  3.1% 1.3% -1.3% 

H7 -2.6% 2.7% -2.2% -0.4%     

NOx 

H2 17.3% 13.4% 49.0% 40% 6.7%  -1.7% 14.8% 

LM3 84.1% 52% 191% 160% 10.8%  38% 0.8% 

LM4 121.2% 72% 278% 228% 18.8%   -6.5% 

LM5 129.6% 71% 286% 240%  23.9% 53.4% -3.8% 

LM6 104.8% 68% 248% 207%  49.9% 32.4% -14.4% 

H7 -8.7% -6.6% -17.0% -16%     

CO 

H2 21.1% 11.0% -2.7% -7.9% -3.3%  58.9% 3.3% 

LM3 39.7% -10.1% -33.3% -40.0% 8.6%  78% 11.3% 

LM4 68.5% 86.2% -48.1% -55.0% 13.9%   9.5% 

LM5 51.0%  87.7% -43.4% -49.8%  -23.2% 185.0% 3.3% 

LM6 37.4% 70.7% -38.3% -45.5%  -10.9% 102.9% 3.9% 



 

 xiv 

  Waste Hauler  

2004 John Deere 

2003 

Cummins 

Westport 

C-Gas Plus 

2009 

Cummins 

Westport 

ISL-G 

 Fuel Transport  Curbside 
Compaction 

bhp-hr 

Compaction 

whp-hr  
Initial  

Post-

repair  
  

Bold : Statistically significant (p-value Ò 0.05) Underline: Marginally statistically significant ( 0.05<p-valueÒ0.1)  

H7 -13.8% -12.2% -9.3% -7.4%     

THC 

H2 -2.8% -7.5% -16.5% -21% -1.9%  -1.8% 9.6% 

LM3 -36% -19.6% -40% -46% -11.8%  -15.3% 43.4% 

LM4 -48% -17.7% -45% -53% -8.8%   107.4% 

LM5 -54% -28.1% -48% -52%  -17.0% -23.9% 11.7% 

LM6 -45% -15.3% -43% -50%  -13.0% -20.7% 21.6% 

H7 -7.3% 11.5% 11% 13%     

NMHC 

H2 -2.6% -20.3% 79.2% 75% 28.4%  22.1% -49.7% 

LM3 -20.7% 9.2% 511.5% 451% 78.0%  62% -126.5% 

LM4 -34.4% 15.1% 508.6% 430% 101.8%   51.2% 

LM5 -36.8% 18.9% 666.1% 605%  87.7% 62.3% -124.0% 

LM6 -33.9 19.2% 611.9% 529%  71.6% 39.2% -80.5% 

H7 -35.0 -16.1% -91.4% -91%     

CH4 

H2 -5.3% -9.7% -18.3% -23% -5.4%  -4.3% 20.1% 

LM3 -38.5% -28.1% -45% -51% -22.4%  -23.2% 65.0% 

LM4 -49.2% -26.3% -51% -57% -21.8%   68.7% 

LM5 -52.0% -34.4% -54% -60%  -31.6% -33% 41.5% 

LM6 -47.4% -25.1% -49% -55%  -24.8% -26.8% 37.9% 

H7 -3.5% 13% 12.0% 14.0%     

NH3 

H2 -22.0% -8.4% -30.9% -35% -22.4%  40.4% -10.9% 

LM3 -13.8% -18.5% 25.4% 13% -57.4%  39.0% -0.7% 

LM4 -26.9% -27.1% -15.1% -27% 19.3%   7.1% 

LM5 2.8% -7.6% -35.8% -44%  101.3% 4.2% 14.5% 

LM6 -26.2% -19.8% -51.9% -58%  -1.9% 10.9% 19.6% 

H7 -10.8% 4.2% -18.6% -17%     



 

 xv 

  Waste Hauler  

2004 John Deere 

2003 

Cummins 

Westport 

C-Gas Plus 

2009 

Cummins 

Westport 

ISL-G 

 Fuel Transport  Curbside 
Compaction 

bhp-hr 

Compaction 

whp-hr  
Initial  

Post-

repair  
  

Bold : Statistically significant (p-value Ò 0.05) Underline: Marginally statistically significant ( 0.05<p-valueÒ0.1)  

PN 

H2 -39.0% -34.7% -39.6% -43.1% -13%  47% 38% 

LM3 -61.5% -53.1% -59.7% -64.1% -26%  28% -20% 

LM4 -63.1% -46.7% -71.4% -75.4% -26%   -52% 

LM5 5.1% -0.2% -2.1% -14.1%   0.4% -18% 

LM6 0.3% 4.7% -4.9% -15.1%   6% -10% 

H7 14.4% 15.3% -4.1% -2.9%     

  For the whole cycle      

PM 

H2 12.3% -15.9%  -1.7% -16.1% 

LM3 -36% -68.3%  -25.0% -1.0% 

LM4 -54% -45.8%   -16.3% 

LM5 -60%  57.1% -32.4% -17.1% 

LM6 -51%  -16.1% -55.5% -9.7% 

H7 -26%     

  For the whole cycle      

Formaldehyde 

H2 -7.6% -16.9%  -4.6% 43.4% 

LM3 -54.6% -41.4%  -23.7% 55.3% 

LM4 -46.9% -45.2%   32.0% 

LM5 -47.6%  -27% -14.0%  -3.2% 

LM6 -51.4%  -41% -24.3%  7.3% 

H7 12.7%     

  For the whole cycle      

Acetaldehyde  

H2 3.1% -60.9%  64.1% -47.1% 

LM3 -60.7% -100.0%  -17.7% -41.7% 

LM4 -62.9% -100.0%   -67.6% 

LM5 -52.6%  -60% 59.0% -0.2% 



 

 xvi 

  Waste Hauler  

2004 John Deere 

2003 

Cummins 

Westport 

C-Gas Plus 

2009 

Cummins 

Westport 

ISL-G 

 Fuel Transport  Curbside 
Compaction 

bhp-hr 

Compaction 

whp-hr  
Initial  

Post-

repair  
  

Bold : Statistically significant (p-value Ò 0.05) Underline: Marginally statistically significant ( 0.05<p-valueÒ0.1)  

LM6 -62.0%  49% 44.1% -100.0% 

H7 -24.2%     
Bold : Statistically significant (p-value Ò 0.05) Underline: Marginally statistically significant ( 0.05<p-valueÒ0.1); whp-hr = wheel horsepower-hour basis; bhp-hr 

= brake horsepower-hour basis from engine control module (ECM)   
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1 Introduction  

Natural gas (NG) is a potential alternative to conventional liquid fuels for use in internal 

combustion engines in motor vehicles. Natural gas vehicles (NGVs) have been implemented in a 

variety of applications as part of efforts to improve urban air quality, particularly within California. 

These vehicles are predominantly implemented in fleet applications, because travel is relatively 

centralized and a large refueling infrastructure is not needed.  NGVs were generally believed to 

produce lower emissions of non-methane hydrocarbons (NMHC), carbon monoxide (CO), oxides 

of nitrogen (NOx), and particulate matter (PM) compared to diesel vehicles without aftertreatment 

[1ï3], although this is becoming less of an issue with the introduction of diesel particle filters 

(DPFs) and selective catalytic reduction (SCR) systems on diesel vehicles [4ï11]. 

For NGVs, one issue that has been shown to be important with respect to emissions is the effect 

of changing the composition of the NG fuel. This is part of a broader range of issues which are 

classified under the term interchangeability, which is the ability to substitute one gaseous fuel for 

another in a combustion application without materially changing operational safety, efficiency, 

performance or materially increasing air pollutant emissions. Studies of the effects of NG 

composition have been conducted for small stationary source engines, such as compressors, and 

in heavy-duty engines [12ï22]. These studies have shown that NG composition can have an impact 

on emissions. NOx emissions, for example, were found to increase with increasing Wobbe number 

(WN) and/or decreasing methane number (MN) in several of these studies [12ï22]. MN and WN 

are terms used to describe natural gas quality characteristics. MN is a measure of the knock 

resistance of a gas, with the knock resistance of a gas increasing with increasing MN. WN is 

defined as the higher heating value (HHV) of a gas divided by the square root of the specific 

gravity of the gas with respect to air. The higher the WN of the gas, the greater the heating value 

per volume of gas that will flow through a hole of a given size in a given amount of time. 

The importance of changing NG composition is underscored by the dramatic changes in the market 

for NG in recent years due to the rapid development of horizontal drilling and hydraulic fracturing, 

advanced techniques that have made it possible to unlock vast reserves of oil and gas trapped 

underneath sedimentary rocks, or shales. The U.S. Energy Information Administration (EIA) 

anticipates domestic NG production to continue to expand into the future, growing from levels of 

23.5 quadrillion Btu in 2011 to a projected 33.9 quadrillion Btu in 2040, representing a sizable 

44% increase [23]. Shale gas production, which already accounted for 23% of total U.S. natural 

gas production in 2010, is expected to be the primary driver of this expansion, with shale gas 

production going from 6.8 trillion cubic feet (tcf) in 2011 to 13.6 tcf in 2035 [24]. In California, 

the use of natural gas has also been increasing for a number of years, due predominantly to 

expanded power and home heating needs. Currently, California supplies 85-90% of its needs with 

NG imported domestically from the Rockies, from southwest states, such as Texas, and from 

Canada [12-15]. As new producing fields are developed in the US, however, the makeup of 

imported domestic NG supplies could change. Additionally, with the introduction of the Costa 

Azul LNG terminal in Baja California, Mexico, there is the potential for more NG from imported 

sources, such as the Pacific Rim, to become available, especially for regions in the southern part 

of the state. LNG will also likely differ in composition from what is currently being used in the 

state.  
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Natural gas quality depends on both its source as well as the degree to which it is processed. 

Natural gas can be produced from oil fields (termed associated gas) or from gas fields (termed 

non-associated gas). Associated gas is typically higher in heavier hydrocarbons, which gives the 

gas a higher WN and a lower MN. Associated gas is often processed using techniques such as 

refrigeration, lean oil absorption, and cryogenic extraction to recover valuable natural gas liquids 

(NGLs) for other uses, such as ethane, propane, butanes, pentanes and hexanes plus [25,26]. 

Traditional North American gas from Texas, for example, is often processed to recover feedstock 

for chemical plants. This results in a natural gas stream with a lower WN and higher MN. As the 

economics for these secondary products change, there could be a reduced emphasis on recovering 

NGLs from NG. This could lead to NG with higher WNs and lower MNs being fed into the pipeline, 

which would likewise result in a pipeline gas with a higher WN and lower MN. 

The objective of the present study is to evaluate the impact of NG composition on the performance 

and exhaust emissions of heavy-duty vehicles. The California Air Resources Board (CARB) is 

currently revisiting the compressed natural gas (CNG) fuel standards for motor vehicles [27]. 

Information on the impact of changing NG composition on performance and emissions can be used 

for regulatory development, to ensure new NG compositions do not have an adverse impact on air 

quality, and to evaluate the viability of using a broader mixture of NG blends in transportation 

applications. For this study, four NG heavy-duty vehicles (HDVs) were tested on a range of 

between five to seven different test gases. This included three NG buses and one NG waste hauler 

tested over the central business district cycle (CBD) and the refuse truck cycle, respectively. The 

test gases included gases representative of Texas Pipeline Gas and Rocky Mountain Pipeline Gas; 

a gas representing Peruvian LNG modified to 1385 WN; a gas representing Middle East LNG-

Untreated (WN above 1400); two gases with 1385 WNs and 75 MNs, one with a high ethane 

content and the other with a high propane content; and one L-CNG fuel, which is a CNG blend 

produced from an LNG fuel tank. In addition to the regulated emissions and fuel 

economy/consumption, measurements were also made of ammonia (NH3), of carbonyls, and of 

particle number (PN) and particle size distributions. This report discusses these test results. This 

study is part of the larger program that included the testing of light-duty NGVs on a chassis 

dynamometer, which is discussed in a previous report [28].  
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2 Experimental Procedures 
2.1 Test Fuels 

The six NG blends used for testing are characterized as follows:  

¶ Gases H1 and H2 are representative of Texas and Rocky Mountain Pipeline Gases and 

serve as the baseline fuels. These gases are based on actual pipeline data. 

¶ Gas LM3 is representative of Peruvian LNG that has been modified to meet a WN of 1385 

and a MN of 75. 

¶ Gas LM4 is representative of Middle East LNG-Untreated with a high WN (above 1400) 

¶ Gas LM5 is a high ethane gas with a WN of 1385 and a MN of 75.  

¶ Gas LM6 is a high propane, high butane gas with a WN of 1385 and a MN of 75. 

Test gases H1 and H2 represent historical baseline fuels for Southern California. Test gas H1, 

ñBaseline, Texas Pipeline,ò refers to gas entering the Southern California Gas territory through the 

El Paso Pipeline at Blythe and Topock and through the Transwestern Pipeline at North Needles 

and Topock. Test gas H2, ñBaseline, Rocky Mountain Pipeline,ò refers to gas entering the 

Southern California Gas territory through the Kern/Mohave Pipeline at Wheeler Ridge and Kramer 

Station. The actual test gas compositions for H1 and H2 were derived by Air Resources Board 

staff from gas quality data submitted by the Southern California Gas Company for the period from 

January 2000 to October 2010.  

Gases LM5 and LM6 are hypothetical gases designed to see whether two fuels with the same WN 

and MN, but different compositions, would produce different performance and exhaust 

emissions. Gases with higher propane and butane are found locally in South Central Coast region 

oil and gas fields, while gases with high ethane are found in San Joaquin Valley oil and gas fields. 

Gases LM5 and LM6 are both at the extremes for WN and MN, so the typical local gas in the 

pipeline in these areas will have lower WNs and higher MNs. For this program, the wide range of 

scenarios were examined to evaluate the viability of permitting the use of a broader mixture of NG 

blends in transportation applications. Gases LM3 to LM6 with lower methane contents, and 

corresponding higher WNs and HHVs, and lower MNs are denoted as low methane gases 

throughout this report. The test fuels are presented in Table 2-1.  

In addition, the CNG fueled waste hauler was run on an L-CNG, identified as H7. Test gas H7 is 

a historical gas representing an L-CNG fuel sold in the South Coast Air Basin in 2011. Test gas 

H7 was included to capture the base line for waste haulers that fuel on LNG.  Because a CNG 

waste hauler was tested, a L-CNG fuel, rather than an LNG fuel, was used. L-CNG is LNG which 

has been vaporized to a gas at the fueling station. Although L-CNG was included as a test gas to 

represent a waste hauler operating on LNG, it should be noted that a LNG waste hauler would 

never see LM3, LM5, LM6 because these fuels have inert gases. LNG, on the other hand, has 

almost no inert components because inerts are removed during the liquefaction process.  LNG 

purchased at commercial fueling stations in the South Coast Air Basin is manufactured from 

pipeline quality natural gas, which has been purified to remove most of the hydrocarbon 

components heavier than methane as well as inert gases. The fuel is then refrigerated to minus 260 

degrees for conversion to LNG.  LNG at the fueling station is generally 98+ percent purity 

methane. This fuel was sampled to determine its composition at the time of testing. 
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Table 2-1. Test Fuel Specifications 
Gas # Description methane ethane propane I -butane N2 CO2 MN Wobbe # HHV  H/C ratio  

H1 Baseline,  

Texas Pipeline 

96 1.8 0.4 0.15 0.7 0.95 99 1338 1021 3.94 

H2 Baseline,  

Rocky Mountain Pipeline 

94.5 3.5 0.6 0.3 0.35 0.75 95 1361 1046 3.89 

LM 3 Peruvian LNG 88.3 10.5 0 0 1.2 0 84 1385 1083 3.81 

LM 4 Middle East  

LNG-Untreated 

89.3 6.8 2.6 1.3 0 0 80 1428 1136 3.73 

LM 5 High Ethane  83.65 10.75 2.7 0.2 2.7 0 75.3 1385 1115 3.71 

LM 6 High Propane 87.2 4.5 4.4 1.2 2.7 0 75.1 1385 1116 3.70 

H7 L-CNG fuel 98.4 1.2 0.2 0.1 0 0 103.1 1370 1029 3.96 

MN = Methane Number determined via CARB calculations; Wobbe # = HHV/square root of the specific 

gravity of the blend with respect to air; HHV = Higher Heating Value (BTU/ft3); H/C = ratio of hydrogen 

to carbon atoms in the hydrocarbon portion of the blend 

*  Properties evaluated at 60 °F (15.6 °C) and 14.73 psi (101.6 kPa)  

 

2.2 Test Vehicles 

Four vehicles were utilized for the testing in this program. The vehicles were selected to represent 

different vehicle types, including transit buses and waste haulers, and different types of engines. 

The inclusion of the two vehicle types provides some information on the differences between 

transit and refuse service vehicles. One vehicle was a bus equipped with a 2009 stoichiometric 

combustion spark ignited Cummins Westport ISL-G 8.9 L engine, with a three-way catalyst (TWC) 

and a cooled exhaust gas recirculation (EGR) system. The second vehicle was a bus equipped with 

a 2004 John Deere 8.1L 6081H engine. The third vehicle was a bus equipped with a 2003 8.3L C-

Gas Plus engine. The fourth vehicle was a waste hauler with a 2002 Cummins Westport 8.3L C-

Gas Plus engine. The latter three vehicles are all lean burn spark ignition engines that are equipped 

with oxidation catalysts (OC). The specifications of the engines are provided in Table 2 2. The 

certification Executive Orders for each of the engines tested are provided in Appendix A. The 

buses were provided on loan from Omnitrans, which is the public transit agency serving the San 

Bernardino Valley area of southern California. The waste hauler was provided by Waste 

Management.  

It should be noted that the John Deere bus was tested on two separate occasions, once before and 

again after a mechanical issue was discovered. Specifically, the bus lost compression in one of its 

combustion cylinders. This issue was discovered while the bus initially underwent testing on LM5. 

The retesting on the repaired vehicle was done approximately one year after the initial testing.  
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Table 2-2. Engine Specification 

Manufacturer  Cummins Westport John Deere Cummins Westport Cummins Westport 

Engine Model ISL-G 6081HF C-Gas Plus C-Gas Plus 

Model Year 2009 2004 2003 2002 

Vehicle Type Bus Bus Bus Waste Hauler 

Engine Family 9CEXH054 LBD 4JDXH08.1066 3CEXH0505CBK 2CEXH0505CBH 

Engine Type 

Stoichiometric 

Spark-ignited 

Turbocharged, EGR 

Lean burn 

Spark-ignited 

Turbocharged 

Lean burn 

Spark-ignited 

Turbocharged 

Lean burn 

Spark-ignited 

Turbocharged 

Horsepower 280 HP 280 HP 280 HP 275-280 HP 

Number of 

Cylinders 
6 6 6 6 

Bore and Stroke 114 mm x 145 mm 116 mmx 129 mm 114 mm x 135 mm 114 mm x 135 mm 

Displacement 8.9 L 8.1 L 8.3 L 8.3 L 

Compression Ratio 12:1 16.5:1 10:1 10:1 

Peak Torque 
900 ft-lbs. @ 1300 

rpm 

900 ft-lbs. @ 1500 

rpm 

850 ft-lbs. @ 1400 

rpm 

750-850 ft-lbs. @ 1400 

rpm 

Aftertreatment  TWC OC OC OC 

Certification Level 

(g/bhp-hr)  

NMHC: 0.13  

NOx:0.10  

CO:1.2  

PM:0.009  

NMHC+NOx:1.5 

CO:0.1  

PM:0.01  

 

NMHC+NOx:1.7  

CO:2.0  

PM:0.01  

NMHC: 0.2 

NOx:1.5  

CO:1.3  

PM:0.01  

2.3 Test Cycles 

For the buses, testing was performed over the CBD test cycle. For the waste hauler, the testing was 

performed on the William H. Martin (WHM) refuse truck cycle. The test matrix was randomized 

to allow some measure of the experimental reproducibility. Six tests were run on each vehicle/fuel 

combination for all vehicles, except as noted otherwise. The test matrix for the heavy-duty chassis 

dynamometer testing is provided below in Table 2-3. For the buses, only 6 test gases were used, 

so the matrix was only for 6 days ending with testing of gas 1. This test sequence differed for the 

John Deere bus, which was tested on two separate occasions. Also, LM4 was not tested on the C-

Gas Plus bus.  
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Table 2-3. Chassis Dynamometer Test Matrix For each Test Vehicle 

Test Day 
Morning Schedule 

(assumes 3 replicates) 

Afternoon Schedule  

(assumes 3 replicates)  

CBD or WHM Refuse Cycle 

Day 1  111 222 

Day 2 222 333 

Day 3 333 444 

Day 4 444 555 

Day 5 555 666 

Day 6* 666 777 

Day 7 777 111 

CBD = Central Business District; WHM = William H. Martin; 

1 = Gas #1, 2 = Gas #2, 3 = Gas #3, 4 = Gas #4, 5 = Gas #5, 6 = Gas#6 

* Gas 7 will be used in the Waste Hauler 

A specially developed cycle was used for the CBD testing. This cycle consisted of a single CBD 

cycle as a warm-up, followed by two iterations (i.e., a double) CBD cycle. The CBD cycle was 

repeated twice to provide a more sufficient particle sample for analysis. The CBD cycle is 

characterized by an average speed of 20.23 km/h, a maximum speed of 32.18 km/h (20 mph), an 

average acceleration of 0.89 m/s2, a maximum acceleration of 1.79 m/s2. The driving distance for 

a single CBD cycle is 3.22 km, or 9.66 km for the full cycle, including the warm-up. Emissions 

analyses for gaseous emissions were collected as an integrated sample over the double CBD cycle. 

West Virginia University (WVU) has used a similar cycle in some of its earlier testing on CNG 

buses [11]. A speed-time trace for the extended CBD is provided in Figure 2-1 

The waste hauler was tested over the William H. Martin Refuse Truck Cycle. This cycle was 

developed by WVU to simulate waste hauler operation. The cycle consists of a transport segment, 

a curbside pickup segment, and a compaction segment. The initial 277 second segment of the cycle 

is a warm-up period where no emissions were collected. The transport portion of the cycle 

represents the 1st 300 seconds of the actual cycle for the trip out to the service area and the 300 

seconds after the curbside segment for the return trip from the service area. Note that the first and 

second part of the transport cycle represent different types of driving conditions that a waste hauler 

might do.  The curbside pickup portion of the cycle is 520 seconds. It is the middle portion of the 

cycle with a series of low speed accelerations. The compaction portion of the cycle is the final 

phase. Before the start of the actual compaction cycle where emissions data are collected, there is 

an interval for an acceleration up to and stabilization at the appropriate test speed. Data collection 

for the compaction phase begins once the vehicle has stabilized at the test speed for the 

compaction, and data for the compaction phase is collected for a period of 155 seconds. The 

compaction load is simulated by applying a predetermined torque to the drive axle while 

maintaining a fixed speed of 45 mph. The compaction load used in this study was 80 horsepower 

(hp), the same as used previously by WVU [11]. The Refuse Truck Cycle is shown in Figure 2-2. 
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Figure 2-1. Double CBD Cycle with Warm-up 

 

Figure 2-2. Refuse Truck Cycle [23] 

 

 

0

5

10

15

20

25

0 200 400 600 800 1000 1200 1400 1600 1800

S
p

e
e

d
 (

m
p

h
)

Time

0

10

20

30

40

50

60

0 200 400 600 800 1000 1200 1400 1600 1800

S
p

e
e

d
 (

m
p

h
)

Time (sec)

End of Test: 1680s 

Start of Data Collection: 560s 

Start of 

Data 

Collection 

Warm up 

for 277s 

Transport 

1st Segment 

Curbside 

Transport  

2nd Segment 

Compaction 

Data 

Collection 

for 155s 

No Data 

Collection  



 

 

8 

The vehicles were preconditioned at the start of each test day by performing a power map. Between 

tests, there was a ñhot soakò, where the engine is turned off for about 10-15 minutes. As discussed 

above, all tests were conducted as ñhot runningò tests, with a single CBD used as the warm-up for 

the buses and a 277 second warm-up being used by the waste haulers.  

The road load coefficients for the first bus and waste hauler were determined by coasting down 

the vehicle from approximately 60 mph to approximately 10 mph. The test weight used for each 

of the three buses was 32,220 lbs and for the waste hauler was 33,520 lbs. The test weights were 

based on the weight of the waste hauler and on the weight of the first bus when these vehicles 

arrived for testing. The second and third buses were not weighed or coasted down, since all three 

buses have the same vehicle shape and were assumed to have approximately the same test weights, 

and consequently the same road load coefficients. Using the same weight and road load 

coefficients for all three buses has the benefit of eliminating weight and road load coefficients as 

a variable.    

2.4 Emissions Testing and Measurements 

The chassis dynamometer testing was conducted in University of California, Riverside (UCR) 

Center for Environmental Research and Technologyôs (CE-CERTôs) heavy-duty chassis 

dynamometer facility. A picture of a typical vehicle set up on the chassis dynamometer is provided 

in Figure 2-3. For the power map, the vehicle was driven at a constant starting speed. The load 

was then slowly increased while the accelerator pedal was held down fully  trying to maintain the 

same speed, until the vehicle down shifted. The starting speeds for the power maps for the 

Cummins Westport ISL G bus, the waste hauler, and the initial testing on the John Deere bus were 

between 60 and 70 mph, while the starting speeds for the post-repair John Deere bus test and the 

C Gas Plus bus test were approximately 40 mph. The vehicles were driven at different speeds in 

part because the dynamometer was upgraded towards the later portion of the project to allow for 

higher power settings at lower vehicle speeds. The vehicles were also monitored throughout the 

course of testing to evaluate the operability of the engines on the different blends, including 

characteristics such as knock. No engine knock was observed during the course of normal testing. 

The emissions measurements were obtained using CE-CERTôs Mobile Emissions Laboratory 

(MEL). For all tests, standard emissions measurements of total hydrocarbons (THC), NMHC, 

methane (CH4), CO, NOx, carbon dioxide (CO2), and PM, were measured. CO and CO2 emissions 

were measured with a 602P nondispersive infrared (NDIR) analyzer from California Analytical 

Instruments (CAI). THC, NMHC, and CH4 emissions were measured with 600HFID flame 

ionization detector (FID) from CAI. NOx emissions were measured with 600HPLC 

chemiluminescence analyzer from CAI. Measurements were also made of NH3 using a tunable 

diode laser (TDL) from Unisearch Associates Inc. LasIR S Series and of carbonyls, including 

formaldehyde and acetaldehyde, using 2,4-dinitrophenylhydrazine (DNPH) coated silica 

cartridges with subsequent analysis with a Agilent 1100 series high performance liquid 

chromatograph (HPLC) equipped with a diode array detector. A schematic of the experimental 

setup is provided in Figure 2-4. The sampling of carbonyls was done for 3-4 tests per test 

fuel/vehicle combination. Sampling for the PM, formaldehyde, and acetaldehyde was done 

cumulatively over the entire duration of the cycles for the buses and the waste hauler due to the 

low mass levels expected for these pollutants. As such, results for the individual segments of the 

Refuse Truck Cycle are not available for these pollutants. 
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Figure 2-3. Typical Setup of Test Vehicles on the Chassis Dynamometer 

  

  

Particle number counts were measured with a TSI 3776 Condensation Particle Counter (CPC) with 

a 2.5 nm cut point for all cases except for the post-repair John Deere and the C-Gas Plus bus testing. 

Particle number counts were not measured for the post repair vehicle because of issues with the 

data acquisition system for the CPC. For the C-Gas Plus testing, the TSI 3776 CPC did not appear 

to be functioning correctly. Particle size distributions were measured using several different 

instruments throughout the program. This was due to the availability of different instruments at 

different times over the course of testing. A nano scanning mobility particle sizer (nano-SMPS) 

was used for the 2009 Cummins Westport ISL-G8.9 bus, the waste hauler truck, and the John 

Deere bus tests to characterize particle size distributions. The size range of the nano-SMPS was 4 

to 70 nm in electrical mobility diameter with a scan time of 118 seconds. A regular, long column 

SMPS was used at the very beginning of the test campaign for part of the testing on the 2009 

Cummins Westport ISL-G8.9 bus. The long column SMPS was used for some of the initial testing, 

but was subsequently replaced by the nano-SMPS to provide measurements of the smaller diameter 

particles. The long column SMPS had an operating range of 20 to 400 nm in electrical mobility 

diameter with a scan time of 135 seconds. For the C-Gas Plus bus testing, an Engine Exhaust 

Particle Sizer (EEPS) was available and used for measuring particle size distributions and particle 

number. The EEPS has a faster scan time of one second and provides a wider size range from 6 to 

423 nm in electrical mobility than either of the other SMPS instruments. The faster scan time 

allows the EEPS to more accurately capture the size distributions under transient operating 

conditions. Table 2-4 summarizes the instruments used in this program for measuring particle 

number and size distributions.  
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Table 2-4. Summary of the Particle Number and Size Distribution Instruments Used in Each Vehicle Testing 

 PM measurement 

Cummins Westport 

C-Gas Plus 

Waste Hauler 

Initial John 

Deere Bus 

Post-repair John 

Deere Bus 

Cummins 

Westport C-Gas 

Plus Bus 

Cummins 

Westport ISL-

G Bus 

Nano-SMPS ïwith 3085 TSI DMA Column 

(4-70 nm, 118s scan time) 
Particle size ã ã ã  ã 

TSI 3081 Regular long-column SMPS (20-

400 nm, 135s scan time) 
Particle size     ã* 

TSI 3090 EEPS (6-423 nm, 1s scan time) 
Particle size and 

number 
   ã  

TSI 3776 CPC (2.5 nm cut-off size) Particle number ã ã  ã ã 

* regular longïcolumn SMPS was only used at the beginning of testing on this bus.  

 



 

 

11 

Figure 2-4. Schematic of the Sampling Systems and Instruments 

CVS Sampling System ï Primary Dilution Tunnel 

Vehicle Exhaust 
Particle size distribution - Regular-column 

SMPS/nano-SMPS/EEPS

Carbonyls - DNPH cartridges   

NOx- Chemiluminescence

CO-NDIR

CO2-NDIR

THC-heated FID

CH4-FID

Gas sample probe

Secondary 

Dilution 

Tunnel

PN-TSI 3776 CPC

PM mass

Raw Exhaust 

NH3-TDL
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3 Heavy-Duty Vehicle Chassis Dynamometer Testing Results 

The emissions results are presented in the following section. The figures for each pollutant show 

the results for each vehicle/fuel/cycle combination based on the average of tests conducted on that 

particular test combination. The error bars on the figures are the standard deviation over all tests 

for each test combination. The average emissions test results with percentage differences between 

fuels and p-values for statistical analyses are provided in Appendix B. The statistical analyses were 

conducted using a 2-tailed, 2 sample equal variance t-test. For the statistical analyses, results are 

considered to be statistically significant for p Ò 0.05, or marginally statistically significant for 0.05 

< p Ò 0.1 in this analysis. The John Deere results are shown separately for the initial and post-

repair testing. A subset of 3 tests on LM4 was eliminated from the data set of the initial testing of 

John Deere since they showed some irregularities, i.e., unrealistically low NOx emissions. Also, 

only three replicates were obtained for H1 for the John Deere before the mechanical failure 

occurred. The second phase of testing on John Deere bus included the remaining three replicates 

on H1 and six replicates on LM5 and LM6.  

3.1 NOx Emissions 

Emissions of NOx are shown in Figure 3-1 for the NG buses. NOx emission levels for the Cummins 

Westport ISL-G8.9 bus were significantly lower than those of the C-Gas Plus and John Deere 

buses, noting that the emissions for the Cummins Westport ISL-G8.9 bus are multiplied by 50 in 

the figure. For the John Deere and C-Gas Plus buses, the NOx emissions generally showed trends 

of higher NOx emissions for the low methane gases. The C-Gas Plus bus showed statistically 

significant increases of 38%, 53%, and 32%, respectively, for LM3, LM5, and LM6 compared to 

H1. For the post-repair John Deere results, these increases were statistically significant for LM6 

compared to H1 (+50%), while for the initial John Deere testing a statistically significant increase 

was found for LM4 fuel compared to H1 (+18.8%). The Cummins Westport ISL-G8.9 did not 

show significant differences between fuels for NOx emissions. Initial testing of the John Deere bus 

showed a marginally statistically significant difference in NOx emissions between H1 and H2.  

Figure 3-2 (a-b) shows the emissions of NOx for the waste hauler for the transport and curbside 

segment of the Refuse Truck Cycle. Figure 3-3 (a-b) shows the emissions of NOx for the waste 

hauler for the compaction segment of the Refuse Truck Cycle. For the compaction segment, the 

emissions are presented on both a brake horsepower-hour (bhp-hr) basis based on readings from 

the engineôs control module (ECM) and on a wheel horsepower-hour (whp-hr) basis based on the 

dynamometer load to the wheels of the vehicle. These are both important emission measurement 

metrics. Heavy-duty natural gas engines are certified on a bhp-hr basis. The whp-hr, on the other 

hand, is a direct measure of the load being applied to the vehicle itself. For this study, the bhp-hr 

values showed some trends between different fuels, with the ECM readings for bhp being lower 

for the low methane gases compared to H1, H2, and H7. This is shown in Figure 3-4. This is due 

to the fact that the bhp from the ECM is a calculated value from the engine revolutions per minute 

(rpm) and the amount of fuel used, but it is based on a fuel with a standard set of properties. As 

such, the ECM bhp reading does not take into account the differences between fuels. The whp-hr, 

or the load applied by the dynamometer, is essentially the same from test to test and between the 

different fuels. Thus, whp-hr provides a more consistent basis for fuel comparisons. The 

differences between the emissions on bhp-hr and whp-hr basis are discussed below for the different 

pollutants. 
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For the waste hauler truck, in general, NOx emissions increased for the low methane gases during 

all three segments of the Refuse Truck Cycle. LM3, LM4, LM5, and LM6 exhibited statistically 

significant increases compared to the baseline H1, H2, and H7 for most of the test combinations 

on all three segments. For the transport segment, the increases for LM3, LM4, LM5, and LM6 

ranged from 84-130% compared to H1, 57-96% compared to H2, and 102-152% compared to H7. 

For the curbside segment, these increases were 52-72% compared to H1, 34-51% compared to H2, 

and 63-84% compared to H7. The compaction segment showed the strongest increases. For the 

compaction segment, these increases were 160-240% compared to H1, 86-143% compared to H2, 

and 209-303% compared to H7 on a whp-hr basis and these increases were 191-286% compared 

to H1, 95-159% compared to H2, and 250-365% compared to H7 on a bhp-hr basis. The percentage 

difference increases during the compaction cycle are larger on a bhp-hr basis compared to the whp-

hr basis because of the lower ECM readings for bhp for the higher energy gases, which creates 

larger differences between the low methane gases and the lower energy/high methane content 

gases. In comparing the driving segments, NOx emissions for the curbside segment were much 

higher than those of the transport segment on a per mile basis. This can be attributed to the fact 

that the curbside segment is composed of short, low speed accelerations between periods of idle 

that covers a very short distance (0.36 miles). Such stop and go type of driving tends to create high 

emissions when evaluated on a per mile basis. For all three segments on both a whp-hr and bhp-hr 

basis, the differences observed in NOx emissions between H1 and H2 were statistically significant.  

Figure 3-1. Average NOx Emissions for the NG Buses. 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

The increases in NOx emissions with LM3, LM4, LM5, and LM6 gases could be attributed to the 

presence of high molecular-weight hydrocarbons in these gases. The addition of higher 

hydrocarbons (ethane and propane) can increase the adiabatic flame speed. As flame speed 

increases at constant ignition timing, peak pressure occurs earlier, at smaller cylinder volumes, 

and thus higher temperatures. Peak combustion temperatures are therefore higher due to the 

advanced location of peak pressure and higher adiabatic flame temperature [29], which would 

result in higher NOx emissions, as NOx is generated predominantly through the strongly 

temperature-dependent thermal NO mechanism [21,22]. Previous studies have also shown that 
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lean-burn engines run richer as MN is decreased [14]. This can lead to the oxidation of more fuel, 

higher combustion temperatures, and increased cylinder pressures. It is also possible that the higher 

hydrocarbons promote the formation of reactive radicals, which result in increased formation of 

prompt NOx.  

 

Figure 3-2 (a-b). Average NOx Emissions for the Waste Hauler Transport and Curbside 

Segments 

 
a 

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN)
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Figure 3-3 (a-b). Average NOx Emissions for the Waste Hauler for the Compaction 

Segment on a whp-hr Basis (a) and on an Engine bhp-hr Basis (b) 

 
a 

b 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN)
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Figure 3-4. Average bhp of the Compaction Segment  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN)
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3.2 THC Emissions 

Figure 3-5 shows the THC emissions for the three NG buses. Figure 3-6 (a-b) shows the THC 

emissions for the waste hauler for the transport and curbside segments, while Figure 3-7 (a-b) 

shows the THC emissions for the compaction segment on a whp-hr and bhp-hr basis. THC 

emissions were significantly lower for the Cummins Westport ISL-G8.9 bus than the older John 

Deere and C-Gas Plus buses, noting that the emissions for the Cummins Westport ISL-G8.9 bus 

are multiplied by 10 in the figure. This can be attributed to the differences in the engine technology, 

since the older engines are all lean-burn engines with OCs designed to meet an earlier certification 

standard, and the ISL-G is a stoichiometric combustion engine with a TWC that is designed to 

meet a recent and more stringent certification standard [30,31]. The John Deere and C-Gas Plus 

buses showed trends of higher THC emissions for the gases with higher methane contents. This 

trend is consistent with results previously reported by other authors [10].This is probably due to 

the fact that the THC emissions were predominately methane. This can be seen from the discussion 

below, as the CH4 emissions are roughly comparable to the THC emissions, while the NMHC 

emissions are very low. The reductions in THC emissions for the low methane gases could also be 

due to more complete oxidation of the fuel as the combustion temperatures increased, as discussed 

under the NOx section. CH4 is also less reactive from a combustion standpoint than higher 

hydrocarbons [32], so it is more likely to go through the combustion process unburned and go 

unreacted across the aftertreatment. For the C-Gas Plus bus, statistically significant reductions in 

THC emissions of 15%, 24%, and 21%, respectively, for LM3, LM5, and LM6 were found 

compared to H1. For the post-repair John Deere bus testing, LM5 and LM6 showed statistically 

significant reductions of 17.0% and 13.0%, respectively, in THC emissions compared to H1. For 

the initial testing on the John Deere bus, LM3 and LM4 showed statistically significant reductions 

of 11.8% and 8.8%, respectively, in THC emissions compared to H1. For the Cummins Westport 

ISL-G bus, THC emissions were very low and did not show strong fuel trends, with only the LM4 

showing a statistically significant slight increase (107%) in THC emissions compared to the 

baseline H1. The differences between fuels for the Cummins Westport ISL-G bus are still on the 

same order as the background levels of the system, however, and as such could be simply an 

artifact of measuring at such low levels.  

For the waste hauler truck, the high methane gases, such as H1, H2, and H7, also produced higher 

THC emissions than LM3, LM4, LM5, and LM6. For the transport, curbside, and compaction 

segments, the reductions in THC emissions with the LM3, LM4, and LM6 gases were all 

statistically significant when compared to the H1, H2, and H7 gases. Note that for THC emissions, 

only a single test was available for LM5 for the waste hauler since there was a problem with the 

flame for the THC flame ionization detector (FID). Thus, no statistical comparisons of the 

emissions reductions could be made for this fuel, and this fuel is not included in the percentage 

differences below. For the transport segment, these reductions were 36-48% compared to H1, 34-

46% compared to H2, and 31-44% compared to H7. For the curbside segment, the reductions were 

15.3-19.6% compared to H1, 8.4-13.0% compared to H2, and 24-28% compared to H7. For the 

compaction segment, the reductions were 46-53% compared to H1, 32-40% compared to H2, and 

52-58% compared to H7 on whp-hr basis, and the reductions were 40-45% compared to H1, 28-

34% compared to H2, and 46-50% compared to H7 on a bhp-hr basis. Comparing the transport 

and curbside modes, THC emissions were found to be lower for the higher speed and higher load 

transport mode. This result was expected, since THC emissions tend to be higher on a g/mi basis 
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during idling and stop and go driving conditions than in other driving modes. For the compaction 

segment, the differences in THC emissions between H1 and H2 were statistically significant on 

both whp-hr and bhp-hr basis.   

Figure 3-5. Average THC Emissions for NG Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN)  

LM5: Hi Ethane (1385 WN), LM6: Hi Propane (1385 WN), H7: L -CNG (1370 WN)
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Figure 3-6 (a-b). Average THC Emissions for Waste Hauler Transport and Curbside 

Segments 

 
a  

 
b  

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN)  

LM5: Hi Ethane (1385 WN), LM6: Hi Propane (1385 WN), H7: L -CNG (1370 WN)
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Figure 3-7 (a-b). Average THC Emissions for the Waste Hauler for the Compaction 

Segment on a whp-hr Basis (a) and on an Engine bhp-hr Basis (b) 

 
a 

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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3.3 NMHC E missions 

Figure 3-8 shows the NMHC emissions for the NG buses. Figure 3-9 (a-b) shows the NMHC 

emissions for the waste hauler for the transport and curbside segments, while Figure 3-10 (a-b) 

shows the NMHC emissions for the compaction segment on a whp-hr and bhp-hr basis. As can be 

seen, all the NG buses emitted very low levels of NMHC emissions compared to THC emissions, 

with the NMHC emissions for the newer technology Cummins Westport bus at the background 

levels. This is consistent with expectations and indicates that the THC emissions from these 

vehicles are predominantly methane with little NMHC emissions. The older buses all showed 

trends of higher NMHC emissions for the gases containing higher levels of NMHCs (i.e., ethane, 

propane, and butane, as shown in Table 2-1). Previous studies have also shown that NMHC 

emissions increased with decreasing methane number of the fuel gases [29,33]. THC emissions 

from natural gas engines are predominately unburned fuel, therefore, the non-methane 

hydrocarbon fraction of THC exhaust emission typically trends with the percentage of non-

methane hydrocarbons in the test fuel. The C-Gas Plus bus showed statistically significant 

increases in NMHC emissions for H2, LM3, LM5, and LM6 of 22%, 62%, 62%, and 39%, 

respectively, compared to H1. For the post-repair John Deere testing, LM5 and LM6 had 

statistically significant increases in NMHC emissions of 88% and 72%, respectively, compared to 

the H1. For the initial John Deere bus testing, the LM3 and LM4 gases showed statistically 

significant NMHC emissions increases of 78% and 102%, respectively, compared to H1, and of 

39% and 57%, respectively, compared to H2. Initial testing of the John Deere bus and the C-Gas 

Plus bus showed differences between H1 and H2 which were statistically significant.  

Figure 3-8. Average NMHC Emissions for NG Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN) 

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-9 (a-b). Average NMHC Emissions for Waste hauler Transport and Curbside 

Segments  

 
a 

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN) 

LM5: Hi Ethane (1385 WN), LM6: Hi Propane (1385 WN), H7: L-CNG (1370 WN)
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Figure 3-10 (a-b). Average NMHC emissions for Waste hauler for the Compaction Segment 

on a whp-hr Basis (a) and on an Engine bhp-hr Basis (b) 

 
a  

 

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN) 

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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For the waste hauler, the NMHC emissions were also at very low levels. Overall, for both the 

curbside and compaction segments, NMHC emissions increased as the NMHC fraction of the fuel 

increased, although this trend was not seen for the transport segment. For the compaction segment, 

the LM3, LM4, and LM6 gases exhibited increases that were statistically significant and were 

large on a percentage basis compared to H1, H2, and H7 gases. The percentage differences of these 

increases were large in magnitude due to low NMHC emissions factors for the compaction 

segment. Note that for NMHC emissions, only a single test was available for LM5, so no statistical 

comparisons of the emissions reductions could be made for this fuel. For the curbside segment, 

the gases of LM3, LM4, and LM6 exhibited statistically significant increases compared to H1, H2, 

and H7 gases in most cases. These increases were 9.2-19.2%, 37-50%, and 30-42%, respectively, 

compared to H1, H2, and H7. For the transport segment, interestingly, the low methane gases 

produced lower NMHC emissions compared to H1 and H2 gases. This result is not in agreement 

with previous studies showing that NMHC emissions increased with decreasing methane number 

of the fuel gases [15]. Compared to H1 and H2 gases, the reductions in NMHC emissions for the 

transport segment for LM4 and LM6 were, respectively, statistically significant and marginally 

statistically significant compared to H1 and statistically significant compared to H2. These 

reductions were 34% and 32-33%, respectively, compared to H1 and H2. H7 also showed lower 

NMHC emissions than H1 and H2, which were marginally statistically significant and statistically 

significant. For the curbside segment, the difference in NMHC emissions between H1 and H2 was 

marginally statistically significant.  

3.4 CH4 Emissions 

Figure 3-11 shows the CH4 emissions for the NG buses. The results showed that CH4 emissions 

for the Cummins Westport ISL-G bus were about 95% lower than those for the John Deere and C-

Gas Plus buses, noting that the CH4 emissions for the ISL-G are near the background level and are 

multiplied by 10 so that they can more readily be seen in the figure. The older buses all showed a 

trend of higher CH4 emissions for gases with higher methane contents, including H1, H2, and H7. 

The C-Gas Plus bus showed the highest methane emissions for H1 and H2, with reductions in CH4 

emissions of 4.3%, 23%, 33%, and 27%, respectively, for H2, LM3, LM5, and LM6 compared to 

H1, with all of the reductions being statistically significant. For the post-repair John Deere bus 

testing, H1 showed the highest CH4 emissions, with statistically significant reductions in CH4 

emissions of 32% and 25%, respectively, for LM5 and LM6 compared to H1. For the initial John 

Deere test, H1 and H2 produced higher CH4 emissions than those of LM3 and LM4. The Cummins 

Westport ISL-G showed higher CH4 emissions for gases LM3 and LM4, but similar to THC, the 

differences in CH4 between gases are comparable to the background levels of the system, and 

hence, are probably more an artifact of measuring at such low levels than real fuel effects. For C-

Gas Plus, there were statistically significant differences between H1 and H2. For John Deere, the 

differences between H1 and H2 were marginally statistically significant. 

For the waste hauler, CH4 emissions followed similar patterns for all the three segments of the 

Refuse Truck Cycle, as shown in Figure 3-12 (a-b) for the transport and curbside segments and in 

Figure 3-13 (a-b) for the compaction segment on a whp -hr and bhp-hr basis. The fuel effect was 

consistent, and showed that gases with higher methane contents exhibited higher CH4 emissions. 

For the transport, curbside, and compaction segments, CH4 emissions for the LM3, LM4, LM5, 

and LM6 gases were lower at a statistically significant level than those of H1, H2, and H7 gases. 

For the transport segment, these reductions were 38-52%, 35-49%, and 36-50%, respectively, 
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compared to H1, H2, and H7. For the curbside segment, the reductions were 25-34%, 17-27%, and 

34-42%, respectively, compared to H1, H2, and H7. For the compaction segment, reductions were 

51-60%, 37-48%, and 57-65%, respectively, compared to H1, H2, and H7 on a whp-hr basis and 

the reductions were 45-54%, 33-44%, and 51-59%, respectively, compared to H1, H2, and H7 on 

a bhp-hr basis. For the ïcurbside and compaction segments (whp-hr and bhp-hr basis), the 

differences observed in CH4 emissions between H1 and H2 were statistically significant. 

Figure 3-11. Average CH4 Emissions for NG Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN)
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Figure 3-12 (a-b). Average CH4 Emissions for Waste hauler Transport and Curbside 

Segments 

a  

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-13 (a-b). Average CH4 Emissions for Waste hauler for the Compaction Segment 

on a whp-hr Basis (a) and on an Engine bhp-hr Basis (b) 

 
a  

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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3.5 CO Emissions 

Weighted CO emissions for the NG buses are shown in Figure 3-14. The CO emissions for the 

Cummins Westport ISL-G 8.9 vehicle were significantly higher than those emitted for the John 

Deere bus during post-repair and initial testing and for the C-Gas Plus bus. This can be attributed 

to the impact of richer operating conditions for the stoichiometric combustion Cummins Westport 

ISL-G engine compared to the other lean-burn engines during combustion and across the catalyst. 

This observation was consistent with the results of previous chassis dynamometer tests as well as 

a recent engine dynamometer study that also evaluated a Cummins Westport ISL-G engine, a C-

Gas Plus engine, a C-Gas engine, and a John Deere engine [15,30,31,34]. In these studies, the 

Cummins Westport ISL-G also showed the highest CO emissions compared to the other engines. 

Although the results of these studies are all consistent, these studies and our study all show greater 

differences in CO emissions between the ISL-G and different lean burn engines than are seen in 

comparing the certification data for the ISL-G and the C-Gas Plus engines (see Appendix A). CO 

emissions for the post-repair John Deere test were near the measurement limits. This is consistent 

with the low CO emission levels found during the certification testing, as shown in Appendix A. 

Both initial and post repair John Deere testing showed very low CO emissions. For the Cummins 

Westport ISL-G and John Deere buses, no statistically significant differences in CO emissions 

between fuels were found. The C-Gas Plus bus showed some increases in CO emissions of 78%, 

185% and 103%, respectively, for the low methane LM3, LM5 and LM6 gases compared to H1 

that were statistically significant. The CO emissions for H2 were comparable to those of LM3 and 

LM6, however.  

Figure 3-14. Average CO Emissions for NG Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

Figure 3-15 (a-b) shows the CO emissions for the waste hauler for the transport and curbside 

segments, while Figure 3-16 (a-b) shows the CO emissions for the compaction segment on a whp-
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CO emissions for the LM3, LM4, LM5, and LM6 gases were substantially lower than those of H1, 
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and these reductions were 33-48% compared to H1, 31-47% compared to H2, and 26-43% 

compared to H7 on a bhp-hr basis. Although some differences between specific fuels were seen 

for the transport and curbside segments, these were generally not statistically significant. It should 

be noted that CO emission levels were found to be generally low (less than 1 g/mi for the curbside 

segment). For comparison with engine certification test results, a conversion factor of 4 bhp-hr/mi 

can be used [34]. On this basis, the CO emissions are below <1 g/bhp-hr for both the transport and 

curbside modes, ranging from 0.11-0.48 g/bhp-hr, which is considerably lower than the 15.5 

g/bhp-hr certification standard [35]. Comparing the transport and the curbside modes of the cycle, 

there were slightly higher CO emissions for the transport mode. This is somewhat in contrast to 

the trends seen for most of the other pollutants. The higher CO emissions for the transport cycle 

could be due to greater operation under rich conditions, since the transport cycle is characterized 

by higher speeds and accelerations and higher load operation. For the curbside, on the other hand, 

the conditions may be so lean that minimal CO is formed, leading to the low CO emission rates 

seen for the curbside cycle. Irrespective, these differences are relative minor in relation to the 

certification levels of the engine. 
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Figure 3-15 (a-b). Average CO Emissions for Waste Hauler Transport and Curbside 

Segments 

a  

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-16 (a-b). Average CO emissions for Waste Hauler for the Compaction Segment on 

a whp-hr Basis (a) and on an Engine bhp-hr Basis(b) 

a  

b  
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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3.6 Fuel Economy/Consumption and CO2 Emissions 

Figure 3-17 and Figure 3-18 (a-b) show the average volumetric fuel economy, respectively, in 

miles/ft3 for the buses and the waste hauler truck (the transport and curbside segments). The 

formulas used to calculate the volumetric fuel economy and the energy equivalent fuel economy 

are provided in Appendix C. The volumetric fuel economy is a more important measure of fuel 

economy for the consumer, as fuel is sold volumetrically. Fuel economy was determined using the 

carbon balance method. This method uses the amount of carbon emitted in the exhaust based on 

THC, CO, and CO2 emissions to determine the amount of fuel carbon, and by association the 

amount of fuel, that was used by the engine. As shown in Figure 3-17 and Figure 3-18, when fuel 

economy is plotted on a volumetric basis, the differences between the fuel economies of the various 

test fuels are readily apparent, and in many cases statistically significant, as discussed below. For 

all the buses, the low methane gases with the higher heating values, i.e., LM3, LM4, LM5, and 

LM6, showed higher fuel economy compared to H1 and H2. The fuel economy increases for LM3, 

LM4, LM5, and LM6 compared to H1 were all statistically significant for all the buses. The same 

trend was also seen for the waste hauler truck for transport and curbside cycles, with LM3, LM4, 

LM5, and LM6 showing higher volumetric fuel economy compared to H1, H2, and H7. The 

magnitude of increases was on the order of 5 to 21% and all of them were statistically significant 

except for the increase seen for LM6 compared to H1 for the curbside cycle which was marginally 

statistically significant. Interestingly, for the curbside segment, LM5 showed higher fuel economy 

compared to LM4 and LM6, even though LM5 had a lower energy content than LM4 and LM6. 

Note that for LM5, the THC emissions were available only as a single test. As such, fuel 

economy/consumption via carbon balance could only be calculated for a single test on LM5, and 

no statistical comparisons of fuel economy were made for this fuel. Therefore, no statistical 

analysis was available for LM5 compared to other fuels.  Figure 3-19 (a-b) shows the volumetric 

fuel consumption for the waste hauler on a ft3/whp-hr and ft3/bhp-hr basis. The compaction cycle 

for the waste hauler showed lower fuel consumption for gases LM3, LM4, and LM6 on a whp-hr 

basis, consistent with the higher energy contents of these fuels. These reductions were all 

statistically significant compared to H1, H2, and H7. The fuel consumption showed a somewhat 

opposite trend on a bhp-hr basis, with fuels H2, LM3, LM4, and LM6 showing higher fuel 

consumption than H1 and H7. The increases observed for H2, LM3, LM4, and LM6 compared to 

H1 and H7, were all statistically significant. This can be attributed to the lower bhp ECM readings 

for the higher energy gases compared to H1 and H7, which produces the trend seen in the graph 

when the inverse of bhp is considered, as explained in section 3.1.  
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Figure 3-17. Average Volumetric Fuel Economy for NG Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-18. (a-b). Average Volumetric Fuel Economy for the Waste Hauler Transport and 

Curbside Segments. 

 

a 

 

b 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN) 

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN)
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Figure 3-19 (a-b). Average Volumetric Fuel Consumption for the Waste Hauler for the 

Compaction Segment on a whp-hr Basis (a) and on an Engine bhp-hr Basis (b) 

a 

 

 

b 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN)
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Fuel economy can also be examined on an energy equivalent basis. On this basis, the energy 

differences between the fuels are normalized. This provides an evaluation of fuel economy with 

the energy differences between fuels eliminated as a factor. The fuel economy results for the three 

buses powered with the different gas blends over the CBD test cycle are presented in Figure 3-20, 

on a gasoline gallon equivalent (GGE) energy basis. Overall, the three buses showed comparable 

fuel economy results between fuels on an energy equivalent basis. The C-Gas Plus and Cummins 

Westport ISL-G bus did not show any statistically significant fuel effects. The energy equivalent 

fuel economy differences for the post-repair John Deere were not statistically significant for LM6, 

but were only marginally statistically significant for LM5. The initial testing results for energy 

equivalent fuel economy on the John Deere, on the other hand, showed statistically significant 

decrease in fuel economy for low methane with higher energy content gas LM4, but this could be 

related to the mechanical failure.  For the initial testing of John Deere bus, the difference in fuel 

economy between H1 and H2 was statistically significant.  

Figure 3-20. Average Energy Equivalent Fuel Economy for NG Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

For the waste hauler, fuel economy is shown in Figure 3-21 (a-b) on a gasoline gallon equivalent 

energy basis for the transport and curbside segments. For the curbside segment, a statistically 

significant increase in energy equivalent fuel economy was observed for H7 versus LM3 and a 

marginally statistically significant decrease was observed for H2 versus LM4. For the transport 
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exhibited higher energy equivalent fuel economy compared to the H1, H2, and H7 blends. The 

statistically significant increases in energy equivalent fuel economy for LM3, LM4, and LM6 

gases were 6.5-7.4% compared to H1, 5.8-6.7% compared to H2, and 4.8-5.7% compared to H7. 

For the waste hauler, fuel consumption is shown in Figure 3-22 (a-b) on a gasoline gallon 
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compared to H1 and H7. More trends in energy equivalent fuel consumption were found for the 

compaction segment when the hp from the ECM was used as the basis for comparison. The gases 

0.000

0.500

1.000

1.500

2.000

2.500

3.000

3.500

4.000

4.500

5.000

H1 H2 LM3 LM4 LM5 LM6 H1 H2 LM3 LM4 H1 LM5 LM6 H1 H2 LM3 LM5 LM6

Cummins Westport ISL-G8.9 Intial John Deere Post Repair John Deere Cummins Westport C-Gas Plus

m
ile

s/
G

G
E



 

37 

 

of H1, H2, and H7 exhibited lower energy equivalent fuel consumption compared to the other 

gases. Specifically, compared with H1, H2, and H7, statistically significant energy equivalent fuel 

consumption increases of 4.6 to 14.4% were found for the LM3, LM4, and LM6 fuels. The fuel 

consumption for H2 was also higher than that of H1 at a statistically significant level. Again, as 

discussed above, this trend is primarily related to the fact that the higher energy fuels recorded 

lower bhp-hr readings from the ECM, rather than real efficiency differences between the fuels. 

Figure 3-21 (a-b). Average Energy Equivalent Fuel Economy for the Waste Hauler 

Transport and Curbside Segments.  

 
a 

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-22 (a-b). Average Energy Equivalent Fuel Consumption for the Waste Hauler for 

the Compaction Segment on a whp-hr Basis (a) and on an Engine bhp-hr Basis (b) 

 

a 

 

b 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN) 

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

CO2 emissions for the three buses and all fuel/cycle combinations are shown in Figure 3-23. CO2 
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CO2 emissions for the waste hauler are shown in Figure 3-24 (a-b) for the transport and curbside 

segments. For the waste hauler, CO2 emissions for the curbside segment were higher than those 

for the transport segment on a per mile basis. For the curbside segment, no consistent fuel trends 

for CO2 were observed. For the transport segment, interestingly, the results showed lower CO2 

emissions for the low methane gases with lower H/C ratios, compared to H1 and H2 gases, but not 

compared to H7. Most of the differences between the fuel gases for the transport segment were 

statistically significant. These differences were -3.6- -4.7% for LM3, LM4, and LM6 compared to 

H2 and -4.0- -5.0% for LM3, LM4, and LM6 compared to H1.   

CO2 emissions for the waste hauler are shown in Figure 3-25 (a-b) for the compaction segment on 

a whp-hr and bhp-hr basis. On a whp-hr basis, no significant differences were seen in CO2 

emissions between fuels, with the exception that CO2 emissions for LM5 were higher at a 

statistically significant level than those for H1, H2, and H7. The compaction segment for the waste 

hauler showed trends for CO2 emissions on an engine bhp-hr basis, with CO2 emissions peaking 

for fuels LM4, LM5, and LM6. Compared to the baseline H1, H2, and H7, all of the fuel gas blends 

exhibited statistically significant increases in CO2 emissions on a bhp-hr basis of between 5.2 to 

19.4% compared to H1, H2, and H7. Again, this can be attributed to the lower bhp energy readings 

for the higher energy gases, as discussed for the fuel consumption. 

Figure 3-23. Average CO2 Emissions for the NG Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-24 (a-b). Average CO2 Emissions for the Waste Hauler Transport and Curbside 

Segments  

 

a  

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-25. Average CO2 Emissions for the Compaction Segment of the Waste Hauler on a 

whp-hr Basis (a) and on an Engine bhp-hr Basis (b) 

 
a 

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN
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3.7 PM Mass Emissions 

Figure 3-26 shows the PM mass emissions for the NG buses over the CBD cycle. The results 

indicated that total PM mass emissions were low for all three buses on an absolute level, and are 

at the same levels as the tunnel background. Although some differences were seen between fuels, 

these differences were all within the range of the tunnel background levels. So, for the post-repair 

John Deere bus, the Cummins Westport ISL-G bus, and the Cummins Westport C-gas Plus bus 

testing, there were essentially no differences between PM mass for different fuels. 

Figure 3-26. Average PM Emissions for NG Buses 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

For the waste hauler, PM mass emissions are shown in Figure 3-27 for the composite Refuse Truck 

Cycle. As explained in section 2.4, PM emissions were collected cumulatively over the entire 

duration of the RTC due to the expectation of low mass levels emitted.  Therefore, separate 

emissions are not available for the curbside, transport, and compaction segments. Instead, PM 

emissions are shown in terms of g/cycle. Compared to H1, H2, and H7, statistically significant 

reductions in PM emissions were found for LM4, LM5, and LM6. These reductions ranged from 

51-60%, 43-64%, and 34-46%, respectively, compared to H1, H2 and H7. LM3 also demonstrated 

statistically significant reductions relative to H2, but not compared to H1 and H7. This was 

consistent with the trends seen for THC emissions and for CO emissions over the compaction cycle 

for the waste hauler, with the low methane gases showing lower PM levels, while the high methane 

gases showed higher PM levels.  
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Figure 3-27. Average PM Emissions for Waste Hauler 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN) 

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

3.8 Particle Number Emissions 

Figure 3-28 presents the particle number (PN) emissions for the NG buses over the CBD cycle. 

For the C-Gas Plus testing, the EEPS instrument was used for particle number measurement as 

well as particle size distribution. Note that PN results are not available for the post-repair John 

Deere bus testing because of issues with the data acquisition for the CPC. Also, for the post-repair 

John Deere Bus testing a nano-SMPS was used to measure size distributions, which measures only 

the particles in a particular size range at any one particular time. As such, the nano-SMPS cannot 

be used to obtain total PN. For the initial John Deere bus testing, all test gases exhibited a 

statistically significant reduction in PN emissions compared to the baseline H1, with LM3 and 

LM4 showing the largest reductions. For the C-Gas Plus bus, H2 and LM3 showed PN emissions 

that were higher than H1, but these differences were not statistically significant. The PN 

measurements for the C-Gas Plus bus with the EEPS were somewhat more variable than the CPC 

PN measurements for the other vehicles, which could make it more difficult to identify statistical 

trends. For the Cummins Westport ISL-G bus, some PN differences were seen between different 

fuels, but most of these differences were not statistically significant. The differences in PN 

emissions between H1 and H2 for initial John Deere testing were statistically significant. This 

difference was marginally statistically significant for the 2009 Cummins Westport ISL-G.  

For the waste hauler, PN emissions are shown in Figure 3-29 (a-b) for the transport and curbside 

segment, and in Figure 3-30 (a-b) for the compaction segment on a whp-hr and bhp-hr basis. The 

experimental results show that PN emissions followed the same pattern for all three segments for 
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hydrocarbons compared to gases H1, H2, and H7, but not compared to LM5 and LM6. H2 also 

showed lower PN emissions than H1, LM5, LM6, and H7. The PN emission levels followed the 

PM mass reductions for LM3 and LM4 gases, but not for H2, LM5 and LM6. It should be noted 

that PN emissions were approximately an order of magnitude higher for the curbside segment 

compared to the transport segment of the cycle, as the curbside cycle covers a much shorter 

distance and is primarily composed of low speed accelerations and idling periods with little steady-

state driving. The differences seen between H1 and H2 for all the segments were statistically 

significant.  

Figure 3-28. Average PN Emissions for NG Buses 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-29 (a-b). Average PN Emissions for Waste Hauler. 

a  

b  
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-30 (a-b). Average PN Emissions for Waste Hauler. 

 
a 

 
b 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN)  

LM5: Hi Ethane (1385 WN), LM6: Hi Propane (1385 WN), H7: L-CNG (1370 WN)
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3.9 Particle Size Distributions 

Several different instruments were used for determining the size distributions throughout the 

testing, as discussed in section 2.4. These instruments are summarized in Table 2-4, but are briefly 

discussed here to provide a context for the discussion below. The most robust and reliable particle 

size distributions for this test program were obtained for the C-Gas Plus bus, as an Engine Exhaust 

Particle Sizer (EEPS) with a one second scan time was available during this testing period. A nano 

scanning mobility particle sizer (nano-SMPS) was used for the 2009 Cummins Westport ISL-G8.9 

bus, the waste hauler truck, and both John Deere bus tests to characterize particle size distributions. 

A regular long-column SMPS was also utilized at the beginning of the testing for the 2009 

Cummins Westport ISL-G8.9 bus. It should be noted that due to the relatively long scan time for 

the nano- and long-column SMPS instruments (118 seconds and 135 seconds, respectively), the 

measurements from these instruments were predominately useful in determining the general size 

distribution over the cycle. In particular, since the slower nano- and long-column SMPS only 

sample a small segment of their size range at any given time, differences seen for tests conducted 

on different fuels could be an artifact of what part of the size range the instrument is measuring 

during a particular segment (or acceleration/deceleration) of a cycle. As such, they cannot be 

accurately characterized as fuel differences. It is also worth noting that the size distribution figures 

are typically plotted with the x-axis using a logarithmic scale to allow the sizing over a range 

spanning several orders of magnitude to be shown. The y-axis is typically plotted in dN/dlogDp, 

where dN (or ȹN) is the particle concentration in the range and dlogDp (or logDp) is the difference 

in the log of the channel width, since particle distributions are typically lognormal in character. 

The area under the curve for these plots represents the total particle concentration [36].  

For the C-Gas Plus bus, as shown in Figure 3-31, particle size distributions from EEPS 

measurements for all gases resulted in a consistent nucleation mode, with a peak particle diameter 

around 10 nm. This is consistent with other studies showing that particles emitted from NG 

engines/vehicles are predominantly nucleation particles in the nanometer size range [3,9,37,38]. 

A smaller peak was also found in the 30-50 nm size range. Since the EEPS measures all the size 

bins simultaneously, unlike the nano- and long-column SMPS instruments, it can be used to 

evaluate differences between different fuels. The gases H1, H2, and LM3 exhibited higher 

nucleation mode particle concentrations compared to gases LM5 and LM6. The higher particle 

number concentrations for H2 in both the 10 nm and 30-50 nm size ranges is consistent with the 

higher PN for H2. On the other hand, the particle concentrations for H1 in the 10 nm range are 

intermediate between those of LM3 and LM5/6. The differences in the trends for particle number 

and the EEPS data comparing H1 and LM3, LM5, and LM6 could be related to differences in the 

number of particles that are outside of the 6 to 423 nm size range measured by EEPS, but are still 

measured by the 3776 CPC, which has a lower cut point of 2.5 nm. This would need to be studied 

in further detail, however.   

The size distributions for the newer technology Cummins Westport ISL-G8.9 bus over the CBD 

are shown in Figure 3-32 for H1, LM4, LM5, and LM6 using a nano-SMPS and in  

 

Figure 3-33 for H1, H2, and LM3 using a regular long column SMPS. The nano-SMPS, with a 

lower cut-off of 4 nm, showed that the size of the particles emitting from the Cummins Westport 

ISL-G bus were predominately in the sub 10 nm nucleation particle range. The long column SMPS 
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did show a peak in the size distribution around 70-100 nm, but comparing with the nano-SMPS 

results shows that any such peaks are much smaller than the peaks in the sub 10 nm region. As 

discussed above, differences in the size distributions for different fuels could be an artifact, so 

these differences will not be discussed in detail here.  

Figure 3-31. Particle Size Distributions for the C-Gas Plus Bus Using the EEPS  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

  Figure 3-32. Particle Size Distributions for the Cummins Westport ISL-G8.9 Bus Using 

the Nano-SMPS 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-33. Particle Size Distributions for the Cummins Westport ISL-G8.9 Bus Using a 

Regular Long Column SMPS.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

Figure 3-34 shows the particle size distributions for the older technology John Deere bus initial 

testing. Figure 3-35 presents the particle size distribution collected for the post-repair John Deere 

bus testing. These size distributions were both collected with a nano-SMPS. It should be mentioned 

that a log-scale for the y-axis was used for both the initial and post-repair John Deere testing, as 

opposed to the linear-scale figures used for particle size distributions in the rest of this section, to 

better illustrate the onset of an increase in particles at about 100 nm for the initial John Deere 

testing. The initial John Deere bus testing showed approximately an order of magnitude more 

particles compared to post-repair John Deere bus testing, which might be due to the busô 

mechanical issue. The sizing results for both the initial and post-repair John Deere tests show a 

peak in the sub 10 nm range, with the peak being sharper for the initial test results. The results for 

the initial John Deere bus testing showed the potential formation of accumulation mode particles 

at around 60 nm. Figure 3-34 and Figure 3-35 clearly show that the size distributions for the various 

fuels are generally pretty similar. Again, any differences between the fuels could be an artifact of 

the longer scan time for the nano-SMPS.  

 

Figure 3-36 presents the particle size distributions for the waste hauler over the Refuse Truck 

Cycle. The waste hauler showed a peak in the size distribution around 10 nm using the nano SMPS. 

Again, although there are some differences between the fuels, the differences could be an artifact 

of the longer scan time for the nano-SMPS. 
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Figure 3-34. Particle Size Distributions for the Initial John Deere Bus Using the Nano-

SMPS 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN) 

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

Figure 3-35. Particle Size Distributions for the Post-repair John Deere Bus Using the Nano-

SMPS 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-36. Particle Size Distributions for the Waste Hauler Using the Nano-SMPS 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

3.10 NH3 Emissions  

Figure 3-37 shows the NH3 emissions for the NG buses. It should be noted that the NH3 emissions 

for the John Deere and Cummins Westport C-Gas Plus buses are multiplied by 10 so that they can 

be more readily seen in the figure. As can be seen, the Cummins Westport ISL-G bus showed 

higher NH3 emissions compared to the John Deere and Cummins Westport C-Gas Plus buses. This 

is due to the fact that the Cummins Westport ISL-G bus was equipped with a TWC, which can 

catalyze the formation of NH3 emissions through a complex series of reactions, including the 

water-gas shift reaction [39ï45]. The NH3 emissions for the John Deere bus (for both initial and 

post-repair tests) were very low by comparison with either the ISL-G bus or the waste hauler, as 

discussed below. The NH3 emissions for the C-Gas Plus bus were higher than those for the John 

Deere bus, but were still much lower than those for the Cummins Westport ISL-G bus. In general, 

no consistent fuel effects were observed for the buses, and most of the emissions differences 

compared to H1 were not statistically significant.  

Figure 3-38 shows the NH3 emissions for the waste hauler for the transport and curbside segments, 

while Figure 3-39 shows the NH3 emissions for the compaction segment on a whp-hr and bhp-hr 

basis. For the waste hauler truck some noticeable fuel differences in NH3 emissions were seen 

between test fuels for different cycles, though there were no consistent fuel trends observed. For 

the compaction segment, some fuel effects were seen for the NH3 emissions, with H1 showing 

statistically significant increases relative to H2 and LM6 on a bhp-hr and whp-hr basis and showing 

a marginally statistically significant increase relative to LM5 on a whp-hr basis. Statistically 

significant differences were also seen between H2 and LM3 on a bhp-hr and whp-hr basis, and 
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between LM3 and H7 on a bhp-hr basis and between H7 and LM6 on a whp-hr basis. For the 

transport segment, a statistically significant difference was seen between H2 and LM5. Again, 

none of these trends were consistent over more than one test cycle segment, and the differences 

between fuels were not consistent in terms of trends of either high or low methane content fuels. 

No statistically significant differences between fuels were seen for the curbside segment. The 

average emissions for all the fuels for both transport and curbside ranged from 49-115 mg/mile 

with the transport values near the low end and the curbside values near the high end.  For the 

compaction segment (whp-hr and bhp-hr), the differences between NH3 emissions for H1 and H2 

were statistically significant.  

Figure 3-37. Average NH3 Emissions for NG Buses 

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-38. (a-b). Average NH3 Emissions for Waste Hauler Transport and Curbside 

Segments. 

a  

b  
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-39. (a-b). Average NH3 Emissions for Waste Hauler for the Compaction Segment 

on a whp-hr Basis (a) and on an Engine bhp-hr Basis (b). 

 
a 

 
b 

H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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3.11 Carbonyl Emissions  

Figure 3-40 and Figure 3-42 show the average formaldehyde and acetaldehyde emissions, 

respectively, from all three buses. Formaldehyde and acetaldehyde emissions were the most 

prominent measured carbonyl emissions, with formaldehyde emissions being the highest. Note 

that formaldehyde and acetaldehyde are the lower molecular weight aldehydes, having one and 

two carbons, respectively. For the Cummins Westport ISL-G bus, the magnitude of formaldehyde 

and acetaldehyde emissions were lower than those of the other buses and did not show any fuel 

trends.  In addition, the values for formaldehyde were at the measurement limits. For both the 

initial and post-repair John Deere bus tests, H1 and H2 showed the highest formaldehyde emissions 

compared to the other gases. For the post-repair John Deere testing, statistically significant 

reductions in formaldehyde emissions of 27% for LM5 and 41% for LM6 compared to H1 were 

found. For the initial John Deere testing, reductions in formaldehyde emissions were statistically 

significant. These reductions were 16.9% for H2, 41% for LM3, and 45% for LM4 compared to 

H1. For the John Deere bus, the formaldehyde results follow the same trends as the THC emissions, 

with the gases with higher methane contents producing higher levels of formaldehyde. The same 

trend of higher formaldehyde emissions with the high methane gases was seen for the C-Gas Plus 

bus, although the trend was not as strong as for the John Deere. For the C-Gas Plus bus, H1 and 

H2 showed the highest formaldehyde emissions. Statistically significant reductions in 

formaldehyde emissions of 14% for LM5 and 24% for LM6 were found compared to H1 gas. Only 

a single carbonyl test sample was available for H2 and LM3 due to an issue with the sampling 

system, so statistical comparisons could not be made for those fuels. For the acetaldehyde 

emissions, the buses did not show consistent fuel trends. However, for the initial John Deere bus 

testing, a statistically significant reduction of acetaldehyde emissions was seen for LM3 and LM4 

compared to H1. H2 showed a marginally statistically significant reduction in acetaldehyde 

emissions compared to H1.  

Figure 3-41 and Figure 3-43 show the average composite formaldehyde and acetaldehyde 

emissions, respectively, from the waste hauler truck. Note that similar to the PM emissions these 

are presented in terms of grams/cycle, since the emissions for the driving portions of the cycle (i.e., 

the curbside and transport segments) cannot be separated from the compaction segment, which is 

not an actual driving event. For the waste hauler, the high methane gases, namely H1, H2, and H7, 

also showed increased formaldehyde emissions levels compared to the low methane gases, 

following the same trends as the THC emissions for this vehicle. For the low methane gases, the 

differences in formaldehyde emissions were statistically significant compared to the H1, H2, and 

H7 gases. The reductions in formaldehyde emissions for the low methane gases (LM3-LM6) when 

compared to H1, H2, and H7 range from 47-55%, 43-51%, 53-60%, respectively. Similar trends 

were observed for acetaldehyde emissions, with the high methane gases having higher emissions 

levels than the low methane gases. The reductions in acetaldehyde emissions were statistically 

significant for the low methane gases. The reductions for the low methane gases (LM3-LM6) when 

compared to H1, H2, and H7 range from 53-63%, 54-64%, 38-51%, respectively.  
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Figure 3-40. Average Formaldehyde Emissions for Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN) 

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

Figure 3-41. Average Formaldehyde Emissions for Waste Hauler.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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Figure 3-42. Average Acetaldehyde Emissions for Buses.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 

Figure 3-43. Average Acetaldehyde Emissions for Waste Hauler Truck.  

 
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3 : Peruvian LNG (1385 WN), LM4 : Middle East LNG (1428 WN)  

LM5 : Hi Ethane (1385 WN), LM6 : Hi Propane (1385 WN), H7: L -CNG (1370 WN) 
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3.12 Power Maps  

Figure 3-44 to Figure 3-47 present the power map plots for different CNG gases for the Cummins 

Westport ISL-G bus, the initial and post-repair testing for the John Deere bus, and the waste hauler 

truck. In all these plots the power of the engine in horsepower (hp) is plotted versus engine speed 

in revolution per minute (rpm). There were several issues in doing the power maps on these 

vehicles that complicated the analysis. Unlike an engine dynamometer power map that is obtained 

through a direct connection with an engine dynamometer, the vehicles were all equipped with 

transmissions with different configurations and gearing ratios. Issues with the transmissions 

shifting in and out of gear and other instabilities caused fluctuations in the hp readings over the 

course of the tests. These fluctuations are seen to different degrees in the data plots provided below. 

In the case of the C-Gas Plus, there were issues with the loading of the engine/vehicle, which could 

be due to being in the wrong gear or some other reason, so these data are not presented. 

Additionally, as discussed in section 3.1, the hp readings from the engine do not account for the 

differences in the fuel properties of the different gases. Given the complications inherent with 

doing this type of testing with a vehicle, it does not appear that these series of tests provided an 

adequate comparison of what the expected power differences would be between the fuels in use. 

It should be noted that the initial testing for the John Deere bus also showed relatively low power 

levels. This could be related to the mechanical issue that was identified for that bus.  



 

59 

 

Figure 3-44. Power Map for Different CNG Gases for Cummins Westport ISL-G8.9 Bus 

Testing 
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H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN)  

LM5: Hi Ethane (1385 WN), LM6: Hi Propane (1385 WN), H7: L-CNG (1370 WN) 
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Figure 3-45. Power Map for Different CNG Gases for the Initial John Deere Bus Testing  
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LM5: Hi Ethane (1385 WN), LM6: Hi Propane (1385 WN), H7: L-CNG (1370 WN) 
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Figure 3-46. Power Map for Different CNG Gases for the Post-repair John Deere Bus 

Testing 
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Figure 3-47. Power Map for Different CNG Gases for Waste Hauler Truck Testing 
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H7 

  
H1: Texas (1339 WN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385 WN), LM4: Middle East LNG (1428 WN)  

LM5: Hi Ethane (1385 WN), LM6: Hi Propane (1385 WN), H7: L-CNG (1370 WN) 
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4 Summary 

As the demand for NG in California and the production of NG throughout the U.S. both expand, 

there is potential for a wider range of natural gas compositions to be used in NGVs. It is important 

to evaluate whether changing compositions of NG will have adverse impacts on the emissions or 

performance of NGVs. The current study was designed to address this issue. These results may 

also be used in CARBôs ongoing process to amend the California NG fuel standards for motor 

vehicles.  

In this study, five to seven blends of natural gas with different fuel compositions were tested. The 

gases represent a range of compositions from gases with high levels of methane and 

correspondingly lower energy contents/Wobbe numbers to gases with higher levels of heavier 

hydrocarbons and correspondingly higher energy contents/Wobbe numbers. Emissions testing was 

performed on three transit buses (a bus with a 2009 stoichiometric combustion spark ignited engine 

with cooled EGR and a TWC, and two buses with older 2002 and 2003 engines), and a waste 

hauler with a 2002 engine) on CE-CERTôs heavy-duty chassis dynamometer. The latter three 

vehicles all have lean burn spark ignition engines that are equipped with OCs. The bus with a 2004 

lean burn engine was tested on two separate occasions due to a mechanical failure during the initial 

testing. The results of the test program showed that fuel composition, engine operating conditions, 

and driving cycle had effects on the formation of exhaust emissions for the older technology 

vehicles. Consistent fuel effects were not seen for the newest technology bus with the 

stoichiometric combustion engine with a TWC, however.  

The results of this study are summarized below. Results are generally statistically significant, 

except as noted. 

2002 Cummins Westport 8.3L C-Gas Plus Waste Hauler  

Waste hauler truck emissions were evaluated over a refuse truck cycle that included, transport, 

compaction, and curbside segments. Overall, the waste hauler showed the strongest fuel effects for 

most of the pollutants compared to the buses. Almost all the pollutants showed some fuel effects 

for at least one of the cycle segments. The low methane gases showed higher NOx emissions for 

all three segments of the cycle. Low methane gases showed lower THC, CH4, formaldehyde and 

acetaldehyde emissions. For the compaction and curbside phases, higher NMHC emissions were 

seen for the low methane gases, but for the transport phase the opposite trend was observed. 

Cumulative PM emissions and CO emissions for the compaction cycle showed a trend of lower 

emissions for the low methane gases. Fuel economy/consumption on a volumetric basis showed 

increases for the low methane gases with higher energy contents for the transport and curbside 

phases of the cycle and decreases for the compaction cycle. On an energy equivalent basis, fuel 

economy/consumption showed no fuel differences for the curbside and mixed results for the 

compaction cycles, but higher energy equivalent fuel economy was seen for the low methane gases 

with higher energy contents for the transport phase. Particle number showed similar fuel trends 

over the three cycle segments, but the gases showing lower particle numbers included some with 

higher levels of methane (i.e., H2) and some with lower levels of methane (i.e., LM3 and LM4). 

CO2 emissions did not show strong trends for the curbside phase, but the transport phase showed 

lower CO2 emissions for the low methane gases with lower H/C ratios, compared to H1 and H2 

gases, but not compared to H7. For the compaction segment, CO2 emissions for LM5 were higher 
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at a statistically significant level than those for H1, H2, and H7 on a whp-hr basis for the 

compaction segment. On a bhp-hr basis for the compaction segment, CO2 emissions for all of the 

low methane fuel gas blends exhibited statistically significant increases in CO2 emissions of 

between 5.2 to 19.4% compared to H1, H2, and H7. This can be attributed to the bhp energy 

readings being lower for the higher energy gases, because the ECM bhp reading does not take into 

account the differences between fuels. NH3 emissions showed some fuel differences, but no 

consistent fuel trends over the three segments of the cycle. The particle size distributions showed 

a peak in the 10 nm range. 

2004 John Deere 8.1L 6081H transit bus 

The John Deere bus was tested on two separate occasions due to a mechanical failure during the 

initial testing. The post-repair John Deere bus tests showed a number of fuel effects. These tests 

were conducted for only three of the main test gases. Fuels with higher methane contents showed 

higher THC, CH4, and formaldehyde emissions, but lower NMHC emissions. The low methane 

gases showed higher NOx emissions, although these increases were not statistically significant for 

all fuel combinations. Low methane gases with higher energy contents showed higher fuel 

economy on a volumetric basis. One of the low methane gases also showed higher fuel economy 

on an energy equivalent basis. PM mass, acetaldehyde, CO, CO2, and NH3 emissions did not show 

any significant fuel trends. PM mass, CO and NH3 emissions were very low for the post-repair bus. 

The particle size distributions showed a broad peak stretching from sub 10 nm into the 70 nm 

range.  

Some fuel effects were also seen for the initial testing of the John Deere bus. These tests were 

conducted for only four of the main test gases. Trends for THC, CH4, formaldehyde, and NOx were 

consistent with the post-repair results. Higher methane content gases resulted in higher THC, CH4, 

and formaldehyde emissions and particle number counts, but lower NMHC emissions. NOx 

emissions showed increases for the highest WN gas compared to the baseline gas. The low methane 

gases with higher energy contents showed higher fuel economy on a volumetric basis, but slight 

trends of decreasing fuel economy on an energy equivalent basis. CO2 showed some statistically 

significant differences between fuels, but no real trends. CO and NH3 emissions did not show any 

specific trends. PM mass emissions were very low and did not show consistent trends with fuel 

properties, although some differences between different fuel combinations were seen. 

Acetaldehyde emissions showed a statistically significant reduction for LM3 and LM4 compared 

to H1, and a marginally statistically significant reduction of H2 compared to H1. The particle size 

distributions also showed a peak in the sub 10 nm range, but this peak was sharper compared to 

the post-repair testing. 

2003 Cummins Westport 8.3L C-Gas Plus engine transit bus  

For the 2003 Cummins Westport 8.3L C-Gas Plus bus, NOx and NMHC emissions and volumetric 

fuel economy were higher, and THC, CH4, and formaldehyde emissions were lower for the low 

methane gases. CO emissions showed some statistically significant increases with some of the low 

methane gases. Energy equivalent fuel economy, CO2, PM, and NH3, and acetaldehyde emissions 

did not show any strong fuel effects, and particle number showed inconsistent fuel trends. The 

particle size distributions showed a peak around 10 nm. 
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2009 Cummins Westport ISL-G 8.9 L transit bus  

The bus with a 2009 Cummins Westport ISL-G stoichiometric combustion engine with cooled 

EGR and a TWC was the newest technology tested during this program. In general, for this bus, 

most of the pollutants did not show any specific fuel effects. THC, NMHC, CH4, NOx, and 

formaldehyde emissions for the Westport ISL-G bus were considerably lower than for the other 

buses. The Cummins Westport ISL-G bus did, however, show higher CO and NH3 emissions 

compared to the other buses. This could be attributed to the richer operation for the stoichiometric 

combustion engine compared to the lean burn engines, as well as the TWC for the NH3 emissions. 

Some fuel effects were seen for fuel economy, but not for the other pollutants. The low methane 

gases with higher energy contents showed higher fuel economy on a volumetric basis but not on 

an energy equivalent basis. Some differences between fuels were seen for THC and CH4 emissions, 

but these differences were on the order of the background levels. The size distributions of the 

particles emitted from this bus were mainly in the sub 10 nm nucleation particle range.  

General  

The results showed that fuel composition, engine operating conditions, and driving cycle had 

effects on the formation of exhaust emissions from all the older heavy-duty vehicles. The older 

vehicles showed trends that were generally consistent with those of previous studies. Gases with 

low methane contents showed higher NOx and NMHC emissions and improved fuel economy on 

a volumetric basis, but lower emissions of THC, CH4, and formaldehyde emissions. In some, but 

not all cases, the magnitudes of these fuel trends were greater than those found in other studies. 

The trends for the other emissions were not as consistent. The newer technology bus with the 

stoichiometric combustion engine and with a TWC did not show any specific fuel effects. 

Although trends were found between gases with higher vs. lower methane contents, other trends 

between gases were not as strong. For example, although H7 has a WN that is much higher than 

H1 and H2, these gases show similar emissions. Similarly LM4, which has a high WN but an 

intermediate MN, has emissions similar to LM5 and LM6. Additionally, gases LM5 and LM6, 

which have varying contents of ethane and propane and butane have similar emissions. 
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Appendix A.  Engine Certification Values  

2004 John Deer 8.1L 6081H transit bus  

 


